R egular physical activity and a moderate-to-good level of cardiorespiratory fitness are key components in the prevention of hypertension and in the reduction of the comorbidities associated with hypertension. Although it is generally accepted that regular physical activity can lower blood pressure, there is great heterogeneity in terms of the magnitude of reduction across controlled exercise training studies. [1] [2] [3] In addition, there is considerable interindividual variation in the blood pressure responsiveness to endurance training within studies, and data from twin and family studies have shown that there is a significant genetic component affecting the variability in training responses. 4, 5 Endothelin 1 (EDN1) is a potent vasoconstrictor and, consequently, a key regulator of blood pressure. The endothelin family consists of 3 polypeptides encoded by separate genes located on chromosomes 6p24.1 (EDN1), 1p34 (endothelin 2), and 20q13.2 to 13.3 (endothelin 3). Although structurally and functionally similar, the expression patterns of the 3 endothelins vary considerably. EDN1 is expressed in several tissues, including endothelial cells and cardiomyocytes, whereas the expression of endothelin 2 and endothelin 3 seems to be focused on the gastrointestinal tract and on neuronal cells, respectively. 6, 7 Only EDN1 is expressed constitutively on vascular endothelium and thereby affects vasomotor tone. 8 DNA sequence variations in the EDN1 gene locus have been reported to be associated with blood pressure levels and hypertension in some populations. 9 -11 An interesting finding of previous studies exploring the relationships among hemodynamic traits and the EDN1 genotype is the seemingly more pronounced association in overweight or obese individuals. 9 -12 Increased shear stress because of enhanced blood flow has been proposed as a major mechanism for the blood pressure-lowering effect of exercise training. [13] [14] [15] Although high shear stress has been shown to inhibit EDN1 expression in endothelial cells, 6 there are few data available on the interactions among the EDN1 locus DNA sequence variation, exercise training, and cardiorespiratory fitness on blood pressure phenotypes. The purpose of the present study was to investigate these interactions in 2 large cohorts: endurance training-induced changes in blood pressure were targeted in the HEalth, RIsk factors, exercise Training And GEnetics (HERITAGE) Family Study and the risk of hypertension was focused on in the Genetics, Fitness, Obesity and Risk of Hypertension (HYPGENE) Study.
Methods

Subjects
The HERITAGE Family Study cohort consists of 493 white subjects (240 males and 253 females) from 99 nuclear families and 270 black subjects (90 males and 180 females) from 114 family units. The study design and inclusion criteria have been described previously. 16 To be eligible, the individuals were required to be sedentary but in good health, ie, free of diabetes, cardiovascular diseases, or other chronic diseases that would prevent their participation in a 20-week endurance exercise training program. The study protocol had been approved by each of the institutional review boards of the HERITAGE Family Study research consortium. Written informed consent was obtained from each participant.
The HYPGENE cohort is based on the Aerobics Center Longitudinal Study database. 17 All of the HYPGENE subjects included in this report are whites. All of the eligible Aerobics Center Longitudinal Study subjects for the HYPGENE Study were healthy with resting blood pressure Ͻ140/90 mm Hg at their first clinic visit and were required to have Ն2 clinic visits with a minimum of 1 year apart. Case subjects developed hypertension during the follow-up, defined as physician-diagnosed hypertension with medication to lower blood pressure, or resting systolic blood pressure (SBP) of Ն140 mm Hg, and/or resting diastolic blood pressure (DBP) of Ն90 mm Hg on a follow-up clinic visit. Control subjects remained normotensive and otherwise healthy throughout the follow-up period. The HYPGENE Study protocol has been approved annually by the institutional review boards of the Pennington Biomedical Research Center and the Cooper Institute. Written informed consent was obtained from each participant.
Exercise Training Program
The exercise intensity of the 20-week training program of the HERITAGE Family Study was standardized for each participant based on the heart rate (HR)-oxygen consumption (VO) relationship measured at baseline. 18 During the first 2 weeks, the subjects trained at an HR corresponding with 55% of the baseline maximal oxygen consumption 2 for 30 minutes per session. Duration and intensity of the training sessions were gradually increased to 50 minutes and the HR associated with 75% of the baseline maximal oxygen consumption, respectively, which were then sustained for the last 6 weeks. Training frequency was 3 times per week, and all of the training was performed on cycle ergometers in the laboratory. Trained exercise specialists supervised all of the exercise sessions.
Phenotype Measurements
In the HERITAGE Family Study, both resting and exercise blood pressures were measured using Colin STBP-780 automated units, and the recordings were confirmed by technicians wearing headphones. 19 Submaximal exercise blood pressure (SBP50 and DBP50) was measured during 2 cycle ergometer tests, both before and after training in a relative steady state after 8 to 12 minutes at a constant power output (50 W In the HYPGENE Study, cardiorespiratory fitness was assessed by a maximal exercise test following a modified Balke protocol. 17, 20 Time-to-completion on the treadmill was used to estimate maximal metabolic equivalents (METs) using the following formula: METsϭ[1.44ϫ(minutes on treadmill)ϩ14.99]/3.5. 21 Resting blood pressure was auscultated as the first and fifth Korotkoff sounds according to a standard sphygmomanometer protocol. 22 Stature and body mass were measured using standardized protocols, and body mass index (BMI) was calculated by dividing body mass (kilograms) by stature squared (meters squared) in both studies.
Genotyping
The EDN1 single nucleotide polymorphisms (SNPs) were selected from the National Institute of Environmental Health Sciences SNP resequencing database using the SNP spectral decomposition method. 23 Five haplotype tagging SNPs (rs2070699, rs5369 [Glu106Glu], rs5370 [Lys198Asn], rs4714383, and rs9296345) were selected for genotyping. These tagging SNPs explained Ϸ86% of the total DNA sequence variation in the National Institute of Environmental Health Sciences resequencing data set.
Genotyping of the EDN1 SNPs was done by the primer extension method with fluorescence polarization detection (PerkinElmer Inc). Details for PCR conditions and primer sequences are available on request. Haplotypes were constructed with Merlin software in the HERITAGE Family Study 24 and with Phase software (version 2.1) in the HYPGENE Study. 25, 26 
Statistical Analyses
In the HERITAGE Family Study, baseline blood pressure phenotypes were adjusted for age, sex, and BMI, and blood pressure training responses were adjusted for age, sex, baseline BMI, and baseline value of the BP phenotype. The associations between EDN1 markers and blood pressure phenotypes were analyzed using variance components and the likelihood ratio test-based total association model of the QTDT software package. 27 The model uses a variancecomponents framework to combine phenotypic means and the additive genetic, residual genetic, and residual environmental variances from a variance-covariance matrix into a single likelihood model. 27 The identity-by-descent allele sharing estimates for the QTDT analyses were generated with Merlin software. 24 In the HYPGENE Study, logistic regression modeling was used to test the contribution of the EDN1 SNPs, as well as the SNP-byfitness and SNP-by-BMI interactions to the risk of hypertension. The common allele homozygotes were used as the reference group for each SNP. All of the models included baseline age, sex, cardiorespiratory fitness, BMI, and follow-up time as covariates. In the SNP-by-fitness and SNP-by-BMI interaction models, subjects were categorized into low-and high-fitness groups based on sex-specific medians of maximal METs (12.5 METs in men and 10.25 METs in women) and low-and high-BMI groups based on sex-specific medians of BMI (24.9 kg/m 2 in men and 21.4 kg/m 2 in women). Because multiple SNPs were used for the association studies, we applied a multiple testing correction proposed by Nyholt. 23 Briefly, the method uses spectral decomposition of matrices of pairwise linkage disequilibriums (r) to estimate variance of eigenvalues. The effective number of independent SNPs can be calculated based on the ratio of observed eigenvalue variance and its maximum. The effective number of SNPs can then be used to adjust the standard ␣ level (eg, 5%). In our study, the corrected threshold for statistical significance was set to PϽ0.0127 for analyses with individual SNPs.
Results
Basic characteristics of the HERITAGE Family Study and the HYPGENE Study subjects are presented in Tables 1 and  2 , respectively. The allele and genotype frequencies and the pairwise linkage disequilibria among the SNPs are summarized in Table S1 (available at http://hyper.ahajournals.org).
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All 5 of the SNPs were in Hardy-Weinberg equilibrium both in HERITAGE blacks and whites and in HYPGENE case and control subjects (all whites).
HERITAGE Family Study
The haplotype construction revealed 14 and 15 haplotypes in whites and blacks, respectively. In both races, 11 haplotypes had frequency Ͼ1% (please see Table S2 for details). Sedentary-state blood pressure phenotypes were not associated with the EDN1 haplotypes (data not shown). However, exercise training-induced changes in SBP50 and PP50 in whites and in HR50 in blacks showed significant global associations with the haplotype (Table 3 ). In allele-specific analyses, haplotypes 1, 3, 10, and 11 were associated with PP50 and SBP50 training responses. Haplotype 1 was associated with the greatest reductions in PP50 and SBP50, whereas carriers of haplotypes 3, 10, and 11 showed blunted training responses in whites. In single SNP analyses, markers rs5370 and rs4714383 were significantly associated with SBP50 and PP50 training responses ( Figure 1 and Table S3 ). A closer inspection of the haplotypes revealed that these 2 markers characterized the alleles that were associated with SBP50 and PP50 training responses. The majority of the T alleles of the rs5370 locus were contained in haplotypes 10 and 11, whereas haplotypes 1 and 3 covered most of the G alleles. The only difference between haplotypes 1 and 3 was the allele present at the rs4714383 locus. Thus, the rs4714383
T allele defined a phenotypically distinct (low SBP50 and PP50 responses) subgroup among the rs5370 G/G homozygotes (otherwise high responders; Figure 1 ). The haplotype of rs5370 and rs4714383 explained 2.6% and 3.5% of the variance in SBP50 and PP50 training responses, respectively, whereas contribution of the individual SNPs ranged from 0.8% to 1.7%.
HYPGENE Study
There were no differences in the EDN1 SNP allele and genotype frequencies between the case and control subjects. However, 2 SNPs (rs2070699 and rs5370) showed significant interactions with cardiorespiratory fitness on the risk of hypertension (Table 4) . Both SNPs were associated with the hypertension risk only in subjects with a low cardiorespiratory fitness level (maximal METs below sex-specific median). The G/T heterozygotes and the T allele homozygotes in the rs5370 locus showed 1.93 (95% CI: 1.32 to 2.81) and 2.17 (95% CI: 0.86 to 5.47) times greater risk of hypertension than the G/G homozygotes, whereas the minor allele (A) of the rs2070699 locus was associated with a lower hypertension risk ( Figure 2 ). Further analyses of haplotypes constructed from rs5370 and rs2070699 revealed that the higher hypertension risk associated with the rs5370 T allele was particularly marked among the C/C homozygotes of the rs2070699 (Table S4 ). The haplotype analyses also revealed that the lower risk among the rs2070699 A allele carriers seen in the single SNP analysis reflects, in large part, the fact that all of the T/T homozygotes and a large portion of the G/T heterozygotes of the rs5370 were among the rs2070699 reference group (C/C homozygotes). All of the associations were independent of baseline BMI, and there was no evidence of SNP-by-BMI interactions on the risk of hypertension (Table 4) .
Discussion
The novel finding of the present study is that the associations between DNA sequence variation in the EDN1 locus and blood pressure phenotypes are modulated by physical activity or cardiorespiratory fitness levels. Both in the HERITAGE Family Study and in the HYPGENE Study, the minor allele of the rs5370, which induces a lysine-to-asparagine substitution in codon 198 (Lys198Asn) of EDN1, was associated with a less favorable blood pressure outcome. In HERITAGE, 20 weeks of endurance training in previously sedentary whites lowered steady-state submaximal exercise SBP and PP less in the rs5370 T allele carriers than in the common allele homozygotes. Likewise, in the low-fit subjects of the HYPGENE cohort, the T allele was associated with a 2-fold risk of hypertension as compared with the G/G homozygotes, whereas no genotype effect was observed in the high-fit subjects. The same allele has been reported previously to be associated with elevated resting DBP in obese Japanese subjects, 9 elevated resting and exercise SBP in overweight whites, 10 increased BP reactivity to a video game challenge, 12 and with increased in vitro vascular reactivity. 28 Therefore, our novel discovery of a significant relationship between rs5370 and SBP responsiveness to endurance training is concordant with existing data on other hemodynamic phenotypes, ie, the T allele is associated with a less favorable hemodynamic profile. The functional significance of rs5370 is not clear at this time. Indeed, although the G-to-T transversion induces a nonsynonymous amino acid change in codon 198 of the prepro-EDN1 molecule, codon 198 is cleaved out from the biologically active EDN1 peptides. As such, alternative causal mechanisms, such as an effect on mRNA stability, must be considered. In both of our studies, a 2-SNP haplotype composed of rs5370 and an additional SNP (rs2070699 in HYPGENE and rs4714383 in HERITAGE) seemed to further fine tune the associations with blood pressure phenotype. This pattern suggests that the rs5370 may tag another functional SNP or a group of functional sequence variants. This and related hypotheses need to be tested in future studies using resequencing in a large group of informative subjects. 
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The effect of increased laminar shear stress caused by exercise on endothelial function is well documented. 14, 15, 29, 30 The majority of the research in this area has focused on the activation of endothelial NO synthase gene expression and, by extension, increased NO production. In addition to vasodilatory substances, such as NO, the net peripheral resistance and, consequently, BP are also influenced by compounds promoting vasoconstriction, the most potent being the EDN1. High shear stress has been shown to decrease EDN1 expression, but data on the effects of exercise on plasma and tissue endothelin levels or on endothelin gene expression are scarce. Two studies in small groups of young and elderly Japanese subjects have reported significant reductions in plasma EDN1 levels after 2 to 3 months of endurance training. 31, 32 Also, EDN1 mRNA levels in the heart were significantly lower in exercise-trained (12 weeks) spontaneously hypertensive rats than in sedentary control animals. 33 However, in normotensive Wistar-Kyoto rats, EDN1 expression in the heart either tended to decrease or increase after exercise training. 34 -36 Thus, the overall effect of exercise training on plasma and tissue levels of EDN1 has not yet been fully elucidated.
Lack of replication has been cited frequently as a major problem in genetic studies of complex, multifactorial traits. Inadequate statistical power and, therefore, inflated type 2 error rate are often credited for the low replication rates. However, differences in behavioral and physiological characteristics of the subjects across studies are other potential explanations. Our study provides 2 excellent examples of how physical activity and cardiorespiratory fitness levels modify the associations between a candidate gene and outcome phenotype in whites. Some previous studies have reported previously that the association between the EDN1 polymorphisms and blood pressure is modified by body weight, ie, the associations are observed only in overweight or obese subjects. 9 -12 We did not observe evidence for such modification, but it must be kept in mind that both of our cohorts were normal weight on average and, as such, had limited power to detect gene-obesity interactions. Also, there are several possibilities as to why we did not observe the same associations in blacks as we did in whites. It is possible that the EDN1 locus has less contribution in blacks, and the greater baseline blood pressure and BMI levels in blacks may alter the physiological pathways contributing to exercise training-induced blood pressure changes. It is also possible that the tagging SNPs did not capture the same degree of information of the overall haplotype structure in blacks as they did in whites. Finally, if the EDN1 locus has only a minor effect on blood pressure traits in blacks, it is possible that our sample size is not large enough to detect such a small effect size.
Perspectives
Our results suggest that DNA sequence variation in the EDN1 gene locus is associated with blood pressure phenotypes in whites. However, the expression of the genotype effect is modulated by physical activity or cardiorespiratory fitness level. These data provide an illustrative example of how physical activity and fitness level modify the associations between a candidate gene and outcome phenotype. They also emphasize the importance of incorporating key behavioral and physiological traits in genetic association studies to better understand how the interactions between DNA sequence variants and nongenetic factors affect multifactorial phenotypes, such as blood pressure. P values from logistic regression models are given for the SNP main effects and the SNP-by-fitness and SNP-by-BMI interaction terms (adjusted for baseline age, BMI, cardiorespiratory fitness, and follow-up time).
Figure 2.
Genotype-by-fitness interactions on the risk of hypertension with SNPs rs5370 (top) and rs2070699 (bottom) in the HYPGENE Study.
